Zeng H, He X, Hou X, Li L, Chen JX. Apelin gene therapy increases myocardial vascular density and ameliorates diabetic cardiomyopathy via upregulation of sirtuin 3.
apelin; sirtuin 3; Ang-1/Tie-2; VEGF/VEGFR2; angiogenesis; diabetic cardiomyopathy DIABETES IS BECOMING AN EPIDEMIC worldwide due to increased sedentary lifestyles, overnutrition, and an escalating aging population. Heart disease is increased by up to 10-fold in people with diabetes compared with the general age-matched population. Diabetic cardiomyopathy is a leading cause of heart failure in diabetic patients. Heart failure contributes to higher morbidity and mortality in patients with diabetes (3, 39, 47) . Impairment of angiogenesis is a major microvascular complication of diabetic patients. Impaired angiogenic growth factor expression and angiogenesis contribute and exacerbate the clinical manifestations of diabetes such as delayed wound healing, critical limb ischemia, and myocardial ischemia (1, 13, 19) . Previously, we have shown that VEGF, angiopoietins, and Tie-2 expression are impaired in the hearts of diabetic db/db mice (8, 9) . Reduction of VEGF expression and vascular density in diabetic heart also contributes to cardiac dysfunction and progressive heart failure (33, 48) . In contrast, the preservation of VEGF expression is associated with the maintenance of a normal capillary density and left ventricular function in diabetes (33) . These studies implicate a critical role of myocardial angiogenesis in the development of diabetic cardiomyopathy and highlight that angiogenic growth factor gene therapy could improve myocardial angiogenesis and diabetic cardiomyopathy.
Apelin, a bioactive peptide isolated from bovine gastric extract, is an endogenous ligand of the human G-proteincoupled receptor APJ (28, 45) . Apelin/APJ is expressed in multiple tissues, including vascular endothelial cells and myocardium (16, 26) . Apelin has requisite roles for vascular development and has been detected in the region around presumptive blood vessels during early embryogenesis and overlapped with the expression of APJ in the cardiovascular system (15, 24, 52) . Angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) are the two ligands of the Tie-2 that is expressed on the endothelium. The angiopoietin/Tie-2 system has a critical role in the regulation of vascular maturation and angiogenesis (21, 22) . Previous study shows that knockdown of apelin attenuates Tie-2 expression and disrupts blood vessel formation, indicating that angiopoietins/ Tie-2 system may act as downstream of apelin signaling and mediate apelin-induced angiogenesis (15, 24, 52) . So far, the molecular mechanism by which apelin regulates angiopoietins/Tie-2 expression remains unknown. Sirtuins regulate posttranslational modification of histone protein by coupling lysine deacetylation to NAD ϩ hydrolysis (35, 44) . Sirtuin 3 (Sirt3) is a longevity factor that is closely associated with the prolong lifespan (2, 27, 36) . Our recent study shows that intramyocardial injection with apelin overexpressed-bone marrow cells leads to a significant increase in Sirt3 expression in the ischemic heart. This is accompanied by significant increases in Ang-1 and Tie-2 expression in post-myocardial infarction (MI) mice (30) . Apelin/APJ has been reported to be downregulated in severe and decompensated heart failure (43) . The expression of apelin and APJ is also decreased in diabetic db/db mice (53, 54) . Our study has shown that upregulation of apelin expression is associated with improvement of angiogenesis and cardiac function in post-MI db/db mice (50) . In this study, we hypothesized that apelin gene therapy improves myocardial vascular density and cardiac function via modulation of Sirt3 in diabetic db/db mice.
To test this hypothesis, we investigated whether: 1) Sirt3 is necessary for apelin-induced angiogenic growth factor expression and angiogenesis, and 2) apelin gene therapy increases vascular density and attenuates diabetic cardiomyopathy. We demonstrated that apelin-induced angiogenesis is dependent on Sirt3. Furthermore, apelin gene therapy enhanced vascular density and improved cardiac function via upregulation of Sirt3, VEGF/VEGFR2, and Ang-1/Tie-2 signaling pathways in diabetic cardiomyopathy. Animal studies. The B6.BKS-Lepr db /J (db/db) male mice, control db ϩ/Ϫ male mice, and C57BL/6J male (wild type) at age of 8 wk were purchased from the Jackson Laboratory (Bar Harbor, ME). Global Sirt3 knockout mice and wild-type control of Sirt3 mice (WT) were purchased from Jackson Laboratory and breeding by our laboratory. Male Sirt3KO and WT mice at age 18 wk were used for the experiments.
MATERIALS AND METHODS

All
C57BL/6J WT mice, db ϩ/Ϫ , and diabetic db/db male mice at 12 wk of age were divided into following: 1) Ad-GFP ϩ C57BL/6J mice; 2) Ad-apelin (Ad-AP) ϩ C57BL/6J mice; 3) Ad-␤-gal ϩ db ϩ/Ϫ mice; 4)Ad-␤-gal ϩ db/db mice; and 5) Ad-apelin (Ad-AP) ϩ db/db mice. Experimental mice received an intravenous tail vein injection of Ad-apelin [1 ϫ 10 9 plaque-forming units (PFU)], representative Western blot analysis of Sirt1 and Sirt3 expression. Sirt3 expression was absent in hearts of Sirt3KO mice (n ϭ 5 mice; top). Sirt1 expression was not significantly difference in the hearts of Sirt3KO mice compared with wild-type (WT) mice (bottom; n ϭ 3 mice; P Ͼ 0.05). NS, no statistic difference. B: representative images and Western blot analysis of angiopoietin-1 (Ang-1) expression. Ang-1 expression was significantly reduced in the hearts of Sirt3KO mice compared with WT control mice (n ϭ 3 mice; *P Ͻ 0.05). C: Western blot analysis demonstrating that Ang-2 expression was significantly reduced in the hearts of Sirt3KO mice compared with WT control mice (n ϭ 3 mice; *P Ͻ 0.05). D: representative Western blot analysis of Tie-2 in the hearts of WT and Sirt3KO mice. There was no significantly difference in Tie-2 expression between WT and Sirt3KO mice (n ϭ 5-6 mice; P Ͼ 0.05). E: Western blot analysis demonstrating that the phosphorylation levels of Akt were significantly reduced in the hearts of Sirt3KO mice compared with WT control mice (n ϭ 5-6 mice; *P Ͻ 0.05). F: Western blot analysis demonstrating that VEGFR2 expression was significantly decreased in the hearts of Sirt3KO mice compared with WT control mice (n ϭ 3 mice; *P Ͻ 0.05). G: Western blot analysis demonstrating that VEGF expression was no significantly difference between WT and Sirt3KO mice (n ϭ 5-6 mice; P Ͼ 0.05).
Ad-GFP (1 ϫ 10 9 PFU), or Ad-␤-gal (1 ϫ 10 9 PFU) (46) . After 6 wk of Ad-apelin, Ad-GFP, or Ad-␤-gal administration, experimental mice were killed by cervical dislocation under anesthesia with isoflurane.
Blood was obtained from experimental mice by tail snip, and blood glucose levels were measured with the use of One Touch SureStep test strips and a meter. Glucose levels were expressed as milligram per deciliter.
Western analysis of Sirt3, Sirt1, Tie-2, VEGF, VEGFR2, apelin, Ang-1, and Ang-2 expression. The hearts were harvested and homogenized in 300 l of lysis buffer, and total protein concentrations were determined using a BCA protein assay kit (Pierce). Fifteen micrograms of protein were subjected to SDS-PAGE on 10% polyacrylamide gels and transferred to a nitrocellulose membrane. The blot was probed with Sirt3, Sirt1, Tie-2, and VEGFR2 (1:1000; Cell Signaling); VEGF, apelin, and Ang-2, (1:1,000; showed that the number of tube formation was significantly reduced in Sirt3KO-EC (n ϭ 3; *P Ͻ 0.05). B: representative images and quantitative analysis of vessel sprouting in WT mouse and Sirt3KO mouse vessel explants. Quantitative analysis revealed that the area of vessel sprouting was significant reduced in Sirt3KO mice (n ϭ 4 mice) compared with WT mice (n ϭ 3 mice; *P Ͻ 0.05). C: representative images and quantitative analysis of arteriole density in WT mice and Sirt3KO mice. Arteriole was stained by smooth muscle actin (SMA, red) and nuclei were stained by DAPI (blue, ϫ40). Merged images show that the arteriole density was decreased in the hearts of Sirt3KO mice compared with control WT mice (n ϭ 3-4 mice; *P Ͻ 0.05). D: representative images and quantitative analysis of capillary density in hearts of WT mice and Sirt3KO mice. Capillary was stained with the EC marker IB4 (green) and nuclei were counterstained with DAPI (blue). Myocardial capillary density was reduced in Sirt3KO mice compared with control WT mice (n ϭ 3-4 mice; *P Ͻ 0.05). E: representative images and quantitative analysis of transferase deoxyuridine nick end labeling (TUNEL)-positive cells showing apoptotic cells were significantly increased in the heart of Sirt3KO mice (n ϭ 4) compared with that of control WT mice (n ϭ 3; *P Ͻ 0.05). Apoptotic cells were stained by TUNEL (green)-positive and nuclei were counterstained with DAPI (blue). F: echocardiography was performed on WT mice and Sirt3KO mice. Left vetricular (LV) wall thickness was significantly increased in Sirt3KO mice (n ϭ 6) compared with WT mice (n ϭ 7; *P Ͻ 0.05). Ejection fraction (EF) and fractional shortening (FS) were declined in Sirt3KO mice, but there was no statistically significant difference when compared with WT mice (P Ͼ 0.05).
Santa Cruz Biotechnologies); and Ang-1 (1:1,000; Sigma) antibodies. The membranes were then washed and incubated with a secondary antibody coupled to horseradish peroxidase, and densitometric analysis was carried out using image acquisition and analysis software (TINA 2.0). Analysis of myocardial capillary and arteriole densities. Eightmicrometer sections were cut and incubated with fluorescerinlabeled Griffonia Bandeiraea Simplicifolia Isolectin B4 (1: 100; IB4; Invitrogen) and Cy3-conjugated anti-␣ smooth muscle actin (SMA; 1: 200; Sigma). The number of capillaries (IB4-positive EC) was counted and expressed as capillary density per square millimeter of tissue. Myocardial arteriole (SMA-positive smooth muscle cells located in vascular walls) density was measured using image analysis software (ImageJ; National Institutes of Health) (6) .
Myocardial cell apoptosis. Heart tissue sections underwent transferase deoxyuridine nick end labeling (TUNEL) following the manufacturer's instructions (Promega). Sections were counterstained with DAPI (blue). Apoptosis was indexed by counting TUNEL-positive cells (green) per 100 nuclei per section (46) .
Hemodynamic measurements. After 6 wk of Ad-apelin or Ad-␤-gal gene therapy, experimental mice were anesthetized with ketamine (100 mg/kg) plus xylazine (15 mg/kg), intubated, and artificially to record baseline cardiac hemodynamics of the hearts. Raw conductance volumes were corrected for parallel conductance by the hypertonic saline dilution method (50) . Echocardiography. Transthoracic two-dimensional M-mode echocardiography was performed using a Visual Sonics Vevo 770 Imaging System (Toronto, Canada) equipped with a 707B high-frequency linear transducer. Mice were anesthetized using a mixture of isoflurane (1.5%) and oxygen (0.5 l/min). The short-axis imaging was taken as M-mode acquisition for 30 s. Data analysis was performed with the use of a customized version of Vevo 770 Analytic Software (Toronto, Canada).
Heart weight-to-body weight ratio and cardiac hypertrophy. Cardiac hypertrophy was assessed by measuring heart-to-body weight ratio. Each heart weight was divided by the total body weight of the mouse, resulting in a ratio representative of cardiac hypertrophy. Cardiac hypertrophic gene ␤-myosin heavy chain expression was examined by Western blot analysis (6) .
Mouse aortic sprouting assay in ex vivo model. Mouse aortas isolated from WT, Sirt3KO, and db/db mice were placed in the culture dishes and overlaid with 300 l of ECM gel and 20% FBS endothelial growth medium (EGM). Vessel outgrowth at days 5-8 was examined using EVOS microscope (AMG). Vessel sprouting was quantified by measuring the relative area of aorta explants outgrowth using image acquisition and analysis software (Image J, NIH) (8) .
Cultured bone marrow-derived ECs. Sirt3 knockout and control WT mice were killed by cervical dislocation under anesthesia with isoflurane. BM-derived endothelial cells were obtained by flushing the tibias and femurs with 10% FBS EGM. Immediately after isolation, 10 5 BM-derived cells were plated into 6-well culture plates. After 4 days of culture, the nonadherent cells were removed and the adherent cells were cultured by 10% EGM (29, 46) . When confluent, bone marrow-derived ECs (BMECs) were analyzed by immunocytochemistry to assess the expression of endothelium-specific markers (vWF, CD31 or eNOS, and isolectin IB4). The identified BMEC was then cultured. The primary cultured BMECs, passages between 4 and 5, were used for the experiments.
BMEC tube formation. Capillary-like tubule formation was performed as previous described (5) .
BMEC proliferation and apoptosis. For the cell proliferation measurement, BMECs were cultured in 10% FBS EGM for 72 h. The proliferative capacity of cultured BMECs was assayed using a cell proliferation (MTT) kit according to the manufacturer's instructions (Roche Diagnostic, IN) (7, 9) . In the apoptosis study, BMEC apoptosis was induced by exposure of cultured BMECs to serum-free medium for 48 h or high glucose (HG; 25 mM). The number of apoptotic cells was then examined by counting TUNEL positive cells per 100 nuclei in cultured BMECs.
Measurement of intracellular ROS formation in cultured BMECs. Intracellular ROS were determined by oxidative conversion of cell permeable chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate (CM-H 2DCFDA; Molecular Probes) to fluorescent dichlorofluorescein (DCF). Briefly, BMECs cultured in two-well chamber slides were incubated with 10 M CM-H2DCFDA in PBS for 30 min. DCF fluorescence was measured over the whole field of vision using an EVOS fluorescence microscope connected to an imaging system as previously described (10, 12) .
Statistical analysis. The results were expressed as the means Ϯ SD. Statistical analysis was performed using one way ANOVA followed by multiple comparisons test (Student-Newman-Keuls) or student t-test. Significance was set at P Ͻ 0.05.
RESULTS
Knockout of Sirt3 reduces angiogenic growth factor expression and angiogenesis. First, we examined whether knockout of Sirt3 alters other proangiogenic isoforms of sirtuins expression in the heart. As shown in Fig. 1A , Sirt3 expression was absent in the hearts of Sirt3KO mice. Knockout of Sirt3 had little effect on Sirt1 expression in the heart (Fig. 1A) . To investigate whether Sirt3 is associated with myocardial angiogenesis, the expression of angiopoietins/Tie-2 and VEGF/ VEGFR2 was examined in Sirt3KO mice. Western blot analysis revealed that the basal levels of Ang-1 and Ang-2 were significantly reduced in the hearts of Sirt3KO mice when compared with WT mice (Fig. 1, B and C) . The basal levels of Tie-2 were also decreased but did not reach significantly difference when compared with the hearts of WT mice (Fig.  1D) . Intriguingly, Akt phosphorylation, the downstream mediator of Ang-1/Tie-2 signaling, was abolished in the hearts of Sirt3KO mice (Fig. 1E) . Moreover, VEGFR2 expression was significantly reduced while VEGF expression was not significantly different in Sirt3KO mice as compared with WT mice (Fig. 1, F and G) .
Next, the angiogenic activity was examined in EC isolated from WT and Sirt3KO mice. As shown in Fig. 2A , basal levels of EC tube formation were significantly reduced in Sirt3KO mice compared with those of WT mice. Using aortic sprouting explants of angiogenesis model ex vivo, we further examined basal levels of vessel sprouting in Sirt3KO mice. Ex vivo angiogenesis analysis showed that basal levels of vessel sprouting were significantly reduced in Sirt3KO mice compared with WT mice (Fig. 2B) . Knockout of Sirt3 further significantly reduced arteriole density compared with WT control hearts (Fig. 2C) . Myocardial capillary density was also significantly reduced in Sirt3KO mice when compared with WT control mice (Fig. 2D) . Fig. 3 . Apelin-mediated angiogenesis and suppression of reactive oxygen species (ROS) and apoptosis is dependent on Sirt3. A: representative Western blot analysis of apelin, Sirt3, Ang-1, Ang-2, Tie-2, VEGF, and VEGFR2 in the hearts of WT treated with Ad-apelin. Myocardial apelin was overexpressed in Ad-apelin-treated mice. Sirt3, Ang-1, Tie-2, VEGF, and VEGFR2 expression was upregulated in Ad-apelin-treated mice compared with Ad-GFP-treated mice (n ϭ 3-6 mice; *P Ͻ 0.05). B: representative images of Western blot analysis of apelin treatment on Ang-1 and VEGF expression in EC isolated from WT and Sirt3KO mice. C: representative images and quantitative analysis of vessel outgrowth area in WT mouse, Sirt3KO mouse, WT ϩ apelin, and Sirt3KO ϩ apelin vessel explants. Quantitative analysis revealed that treatment of aorta rings isolated from WT mice with apelin led to a significant increase in vessel outgrowth (n ϭ 6 mice; *P Ͻ 0.05). The area of vessel sprouting was significantly less in Sirt3KO ϩ apelin-treated mice than WT ϩ apelin-treated mice (n ϭ 6 mice; *P Ͻ 0.05). D: measurement of proliferation rate by MTT assay. Treatment of EC with apelin significantly increased cell proliferation. Apelin-induced proliferative rate of EC was significantly reduced in cultured EC of Sirt3KO mice compared with that of WT mice (n ϭ 3 mice; *P Ͻ 0.05). OD, optical density. E: representative images and quantification of intracellular ROS formation in cultured ECs isolated from WT and Sirt3KO mice. ROS formation was stained with CM-H2DCFDA (green). ROS formation was significantly increased in cultured ECs of Sirt3KO mice compared with that of WT mice (n ϭ 3 mice; *P Ͻ 0.05). Treatment with apelin resulted in a significant reduction of ROS formation whereas knockout of Sirt3 diminished apelin-mediated suppression of ROS formation (n ϭ 3; *P Ͻ 0.05). F: representative images and quantification of cell apoptosis in cultured ECs isolated from WT and Sirt3 KO mice. Apoptotic cells were stained by TUNEL ϩ cells (green) and nuclei were counterstained with DAPI (blue). EC apoptosis was significantly increased in cultured ECs of Sirt3KO mice compared with that of WT mice (n ϭ 3 mice; *P Ͻ 0.05). Treatment with apelin resulted in a significant reduction of ECs apoptosis whereas knockout of Sirt3 blunted anti-apoptotic effects of apelin in cultured ECs (n ϭ 3; *P Ͻ 0.05).
Intriguingly, the number of apoptotic cells was higher in the hearts of Sirt3KO mice than WT mice (Fig. 2E) . Echocardiography analysis further showed that the LV wall thickness of Sirt3KO mice was significantly higher than that of WT mice (Fig. 2F) . The ejection fraction (EF%) and fractional shortening (FS%) were decreased in Sirt3KO mice but did not reach a significant difference compared with WT mice (P ϭ 0.073 and 0.065; Fig. 2F) .
Sirt3 is essential for apelin-mediated angiogenesis and antiapoptosis. Systemic administration of Ad-apelin (Ad-AP) led to a dramatic increase in Sirt3 expression in the hearts of WT mice. This was accompanied by a dramatic upregulation of Ang-1, Tie-2, VEGF, and VEGFR2 expression. Ang-2 expression, however, was not changed in the hearts of Ad-apelintreated mice (Fig. 3A) .
Using EC isolated from WT and Sirt3KO mice, we next investigated whether Sirt3 contributes to apelin-mediated angiogenesis. Treatment with apelin (5 M) led to a gradual increase in Ang-1 and VEGF expression seen at 1 h and up to 24 h in WT-EC, whereas apelin treatment did not increase Ang-1 and VEGF expression in Sirt3KO-EC (Fig. 3B) . Furthermore, treatment of WT mouse aorta explants with apelin (5 M) led to more robust vessel sprouting compared with control without apelin. Apelin treatment also increased vessel sprouting in Sirt3KO mice but was significantly less than WT mice (Fig. 3C) .
In addition, treatment of EC with apelin (5 M) resulted in a significant increase in cell proliferation. However, treatment of Sirt3KO-EC with apelin did not to promote cell proliferation (Fig. 3D) . Loss of Sirt3 also significantly enhanced ROS formation and cell apoptosis in EC. Treatment of EC with apelin (5 M) resulted in a significant reduction of ROS formation and cell apoptosis. Moreover, loss of Sirt3 in EC significantly blunted apelin-induced suppression of ROS formation and cell apoptosis (Fig. 3, E  and F) .
The expression of apelin and Sirt3 is decreased in the hearts of db/db mice. As shown in Fig. 4A , the basal level of apelin expression was significantly decreased in the hearts of db/db mice compared with control db ϩ/Ϫ mice. To determine whether Sirt3 is involved in diabetes-associated reduction of myocardial vascular density, the levels of Sirt3 were examined in the hearts of db/db mice. Sirt3 expression was significantly reduced in the hearts of db/db mice compared with control db ϩ/Ϫ mice (Fig. 4A) .
Apelin gene therapy increases Sirt3, VEGF/VEGFR2
, and Ang-1/Tie-2 expression in diabetic heart. We then examined whether systemic administration of Ad-apelin increases apelin and Sirt3 expression in the hearts of diabetic db/db mice. As shown in Fig. 4B , apelin expression was significantly increased in db/db mice after systemic delivery of Ad-apelin. Overexpression of apelin further led to a significant increase in Sirt3 expression, but had little effect on Sirt1 expression, in the hearts of db/db mice compared with db/db mice treated with Ad-␤-gal (Fig. 4C) .
Next, we examined whether overexpression of apelin regulates angiopoietins/Tie-2 and VEGF/VEGFR2 expression. Overexpression of apelin significantly upregulated Tie-2 and Ang-1 expression but did not affect Ang-2 expression in db/db mouse hearts (Fig. 4D) . Overexpression of apelin also resulted in significant increases in VEGF and VEGFR2 expression in the hearts of db/db mice when compared with db/db mice treated with Ad-␤-gal (Fig. 4E) .
Overexpression of apelin increases vascular density in the hearts of db/db mice. We further examined whether overexpression of apelin increases myocardial vascular density. Myocardial capillary and arteriole densities were significantly reduced in db/db mice when compared with control db ϩ/Ϫ mice. Overexpression of apelin significantly increased myocardial capillary and arteriole densities in db/db mice compared with db/db mice that received the Ad-␤-gal treatment (Fig. 5, A and B) . Similarly, treatment of db/db mouse aortic explants with apelin (5 M) dramatically increased vessel sprouting in db/db mouse aortic explants (Fig. 5C) .
Overexpression of apelin attenuates myocardial ROS formation and apoptosis in db/db mice. DHE staining revealed that ROS formation was significantly enhanced in the hearts of db/db mice compared with control db ϩ/Ϫ mice. Overexpression of apelin resulted in a significant reduction of ROS formation in db/db mice compared with db/db mice that received the Ad-␤-gal (Fig. 6A) .
The number of TUNEL-positive cells was significantly higher in the hearts of db/db mice than the control db ϩ/Ϫ mice. Overexpression of apelin significantly reduced the number of TUNEL-positive cells in db/db mice compared with db/db mice that received the Ad-␤-gal (Fig. 6B) .
Apelin attenuates HG-induced ROS formation and apoptosis via Sirt3. To further explore whether apelin treatment attenuates diabetes-induced EC dysfunction via activation of Sirt3, parallel studies were performed in WT-EC and Sirt3KO-EC that were exposed to apelin under HG (25 mM) conditions. Under HG conditions, treatment of EC with apelin led to a significant increase in cell proliferation, whereas treatment of Sirt3KO-EC with apelin had little effect on cell proliferation (Fig. 6C) . Apelin treatment also significantly attenuated HGinduced ROS formation and cell apoptosis. Knockout of Sirt3 in EC significantly blunted apelin-induced suppression of ROS formation and cell apoptosis under HG conditions (Fig. 6, D  and E) .
Overexpression of apelin attenuates diabetic cardiac hypertrophy and improves cardiac function. Overexpression of apelin led to a significant reduction of heart/body weight ratio and ␤-myosin heavy chain protein expression when compared with db/db mice that received the Ad-␤-gal (Fig. 7, A and B) . Diabetic db/db mice showed a significant reduction of cardiac function, reflected by decreased ejection fraction (EF%) and ϩdP/dt max pressure together with elevated ϪdP/dt min pressure when compared with control db ϩ/Ϫ mice. Overexpression of apelin in db/db mice resulted in a significant improvement of these variables compared with db/db mice received Ad-␤-gal treatment (Fig. 7, C and D) . In addition, glucose levels were significantly decreased in Ad-apelin-treated db/db mice compared with db/db mice treated with Ad-␤-gal. Ad-apelin treatment had little effect on the glucose levels in the control db ϩ/Ϫ mice (Fig. 7E ).
DISCUSSION
Our data, for the first time, demonstrated that knockout of Sirt3 attenuates apelin-induced angiogenesis and suppression of ROS formation. We also found that apelin gene therapy alleviates diabetic cardiomyopathy by increasing myocardial vascular density via a mechanism involving upregulation of Sirt3 signaling pathway and increases in Ang-1/Tie-2 and VEGF/VEGFR2 expression.
Sirt3 is metabolic sensor that couples energy and oxygen homeostasis (18) . Sirt3 has been reported to be a major mitochondrial deacetylase in human (2, 36) . Previous studies reveal that Sirt3 is detected only in the mitochondria of the hearts (37, 41) . Sirt3 protein levels are significantly reduced with aging, and exercise increases Sirt3 levels both in young and old individuals (27) . Sirt3 activity is regulated by nutritional stress. Nutrient deprivation has been shown to increase levels of Sirt3 in mice (34) . Our present study showed that knockout of Sirt3 significantly increased EC apoptosis. Moreover, knockout of Sirt3 completely blunted the protection of apelin against EC apoptosis, implicating that activation of Sirt3 is important for the cell survival under oxidative stress. Most recent studies demonstrate that Sirt3 expression is reduced during nutrient excess and by feeding mice with a high-fat diet (14, 18, 20) . Sirt3 expression is also significantly decreased in patients with diabetes (4). Our present study, for the first time, demonstrated that 9 plaque-forming units (PFU) Ad-apelin] resulted in overexpression of apelin in the hearts of db/db mice (n ϭ 3 mice; *P Ͻ 0.05). C: Western blot analysis showing overexpression of apelin led to a significant upregulation of Sirt3 expression in db/db mice compared with db/db mice treated with Ad-␤-gal (n ϭ 6 mice; *P Ͻ 0.05). Sirt-1 expression was not significantly difference in the hearts of Ad-apelin ϩ db/db mice compared with Ad-␤-gal ϩ db/db mice (n ϭ 3 mice, P Ͼ 0.05). D: Western blot analysis showing overexpression of apelin resulted in a significant increase in Tie-2 expression compared with Ad-␤-gal-treated db/db mice (n ϭ 3 mice; *P Ͻ 0.05). Overexpression of apelin led to a significant upregulation of Ang-1 expression but not Ang-2, in db/db mice compared with db/db mice treated with Ad-␤-gal (n ϭ 6 mice; *P Ͻ 0.05). E: Western blot analysis showing overexpression of apelin resulted in significant increases in VEGF and VEGFR2 expression in db/db mice compared with db/db mice treated with Ad-␤-gal (n ϭ 3 mice; *P Ͻ 0.05). http://ajpheart.physiology.org/ basal levels of Sirt3 were significantly reduced in the hearts of db/db mice. Our data further showed that knockout of Sirt3 exhibited a very similar cardiac phenotypic pattern as diabetic db/db cardiomyopathy with reduction of angiogenic growth factor and VEGFR2 expression and myocardial vascular density. Knockout of Sirt3 in EC further abolished apelin-mediated improvement of EC function under hyperglycemic conditions. Upregulation of Sirt3 by apelin gene therapy reduced myocardial apoptosis and hypertrophy and significantly improved myocardial vascular density and cardiac function in db/db mice. These data implicate a critical role of Sirt3 in diabetic cardiomyopathy.
Apelin has been shown previously to alleviate myocardial ischemia/reperfusion injury via suppression of ROS formation (51) . Moreover, apelin attenuates pressure-overload-induced cardiac hypertrophy through a ROS-dependent mechanism in mice (17) . However, the underlying mechanisms by which apelin attenuates ROS formation and cardiac hypertrophy are not completely understood. Knockdown of Sirt3 in cells has been reported to increase ROS formation (25) . Moreover, cardiomyocytes isolated from Sirt3KO mice show increased ROS production (40) . Consistent with these findings, our present data showed that knockout of Sirt3 in EC led to a significant increase in ROS formation. This was accompanied by a significant increase in cardiac hypertrophy in Sirt3 KO mice. Our data also showed that apelininduced suppression of ROS formation was significantly blunted in EC isolated from Sirt3KO mice, implicating that inhibitory effect of apelin on ROS formation is mediated, at least in part, by activation of endothelial Sirt3. Surprisingly, knockout of Sirt3 in EC did not further increased ROS formation and apoptosis under HG conditions. This discrepancy maybe due to exposure of EC to HG impaired Sirt3 function, thus leading to mitochondria dysfunction, increased ROS formation, and apoptosis in WT-ECs. Therefore, loss of Sirt3 did not further enhance HG-induced ROS formation and apoptosis. Nevertheless, our study provides evidence that apelin ameliorates diabetic cardiomyopathy through a Sirt3-dependent suppression of ROS formation.
In present study, we also revealed that treatment with apelin increased EC proliferation whereas knockout of Sirt3 abolished apelin-induced EC proliferation. Furthermore, treatment of apelin significantly increased endothelial cell sprouting and promoted angiogenesis in WT and diabetic db/db mice. Most importantly, apelin gene therapy significantly reduced cardiac hypertrophy and improved heart function in db/db mice. It is well documented that cardiomyocytes size and cardiac function are dependent on angiogenesis. Cardiac hypertrophy and angiogenesis are coordinately regulated during physiological or adaptive cardiac growth. Disruption of the balanced growth and angiogenesis leads to cardiac hypertrophy and heart failure (23, 38) . Endothelial proliferation is a major determinant in the angiogenesis process while apoptosis is a key contributor to vessel regression or reduction of vascular density during disease progression such as diabetic cardiomyopathy (11) . Our present study showed that apoptosis was significantly increased in EC of Sirt3KO mice. The number of apoptotic cells was also increased in the heart of Sirt3KO mice together with reduction of vascular density. Moreover, Akt phosphorylation was abolished in the heart of Sirt3KO mice. This was accompanied by a significant increase in cardiac hypertrophy. Our data implicate that increased endothelial cell apoptosis may contribute to reduction of vascular density and cardiac hypertrophy in Sirt3KO mice.
Diabetic cardiomyopathy is characterized by microvascular insufficiency, which may lead to progressive heart failure. Accumulating evidence demonstrated a progressive reduction of the microvasculature in relation to the duration of diabetes (33, 48) . Ang-1 is necessary for vessel stabilization (42) . Our previous studies show that disruption of Ang-1/Tie-2 signaling contributes to diabetes-associated impairment of angiogenesis (8) . Furthermore, upregulation of VEGF and apelin expression is associated with improvement of angiogenesis and cardiac function in post-MI db/db mice (6, 50) . Previously, we also demonstrate that overexpression of Ang-1 attenuates diabetic cardiac hypertrophy and fibrosis in db/db mice (11) . Our present data showed that apelin significantly increased Ang-1 and Tie-2 expression, which may contribute to attenuation of endothelial cell apoptosis and capillary regression in the hearts of db/db mice. In addition, we found that VEGFR2 expression was significantly reduced in the hearts of Sirt3KO mice. Interestingly, Tie-2 expression was not changed in the hearts of Sirt3KO mice. These data indicate that the regulation of VEGFR2 expression is through Sirt3 signaling pathway. Since Tie-2 expression was upregulated by apelin but was not affected by Sirt3, this may explain why knockout of Sirt3 could not completely abolish apelin-induced vessel sprouting. Blockade of VEGF has been shown to promote compensatory cardiac hypertrophy to heart failure in response to pressure overload (23) . VEGF is significantly decreased in the heart of diabetes compared with nondiabetic heart (32) . The expression of VEGF/VEGFR2 in response to myocardial ischemia or ischemia/reperfusion is also significantly impaired in diabetes (6, 31, 46) . Our data showed that apelin gene therapy increased VEGF and VEGFR2 expression, enhanced myocardial vascular density, and improved cardiac function in diabetic db/db mice. Our findings suggest that apelin gene therapy may rescue diabetes-associated reduction of vascular density and car- Fig. 5 . Apelin increases myocardial vascular density in db/db mice A: capillary was stained with EC marker IB4 (green) and nuclei were counterstained with DAPI (blue). Capillary density was reduced in the hearts of db/db mice compared with control db ϩ/Ϫ mice. Capillary density was significantly increased in the hearts of db/db treated with Ad-apelin as compared with db/db mice treated with Ad-␤-gal (n ϭ 6 mice; *P Ͻ 0.05). B: arteriole was stained with SMA (red) and nuclei were counterstained with DAPI (blue). The arteriole density was decreased in the hearts of db/db mice compared with control db ϩ/Ϫ mice. Apelin gene therapy resulted in a dramatic increase in arteriole density as compared with db/db mice treated with Ad-␤-gal (n ϭ 6 mice; *P Ͻ 0.05). C: representative images of vessel sprouting and quantitative analysis of vessel outgrowth area in db/db and db/db ϩ apelin-treated vessel explants. Quantitative analysis area of vessel outgrowth revealed that treatment of aortic explants isolated from db/db mice with apelin (5 M) for 5-8 days led to a significant increase in vessel outgrowth (n ϭ 6 mice; *P Ͻ 0.05). ϩ cells were seen in the Ad-apelin-treated db/db mice (n ϭ 6 mice; *P Ͻ 0.05). C: treatment with apelin significantly increased EC proliferation under high-glucose conditions. Apelin-induced EC proliferation was significantly blunted in cultured EC of Sirt3KO mice under high glucose conditions (n ϭ 3 mice; *P Ͻ 0.05). D: ROS was stained with CM-H2DCFDA (green). Treatment of EC with apelin significantly reduced high glucose-induced ROS formation whereas knockout of Sirt3 in EC abolished apelin-mediated inhibition of high glucose-induced ROS formation (n ϭ 3; *P Ͻ 0.05). E: apoptotic cells were stained by TUNEL (green) and nuclei were counterstained with DAPI (blue). Treatment of EC with apelin led to a significant suppression of high glucose-induced apoptosis. Treatment with apelin did not suppress high glucoseinduced cell apoptosis in EC isolated from Sirt3KO mice (n ϭ 3; *P Ͻ 0.05). diac dysfunction via activation of Sirt3 and upregulation of VEGF/VEGFR2 and Ang-1/Tie-2 expression.
Recent study shows that apelin treatment increases insulin sensitivity and improves glucose metabolism in db/db mice (49) . In line with this study, we also found that apelin gene therapy significantly improved glucose levels in db/db mice during 6 wk of studies. There is no doubt that these effects of apelin gene therapy also contribute to the improvement of cardiac function in diabetic cardiomyopathy. However, our present study did not address the long-term effects of apelin gene therapy on insulin action and glucose uptake in the hearts of diabetes. These studies are warranted to further investigation.
In summary, diabetic patients are strongly associated with cardiac hypertrophy and heart failure, which constitutes a major and growing health burden in developed countries. Despite considerable treatment advances over that past two decades, the development of novel treatment for diabetic patients with heart failure remains a major priority. Apelin shows beneficial effects in the cardiovascular system and has recently been shown as a candidate therapeutic for treating chronic heart failure. The current study provides evidence that apelin gene therapy ameliorates diabetic cardiomyopathy. Our study further suggests that modification of Sirt3 could use as a novel therapy target for the treatment of diabetes-associated heart dysfunction and heart failure.
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